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Abstract— FinFET has appeared to be a good candidate for 

further extending the technology to the nanoscale regime due to 

its excellent electrostatic properties and comparative ease of 

fabrication. Due to little/no body effect in FinFET devices, there 

is a good chance of increasing the stack height to enable more 

complex gates and reduce logic depth, which could further 

improve metrics, like performance. This paper analyzes the 

tradeoffs between stack height (fan-in) and area/performance 

through simulating several logic gates based on PTM model. A 

64-bit Kogge-Stone adder with different radix size is designed 

and simulated across five different technology nodes as a case 

study. The simulation result shows that a radix-4 adder can 

achieve the best performance, but with area penalty. A design 

flow that considers all the tradeoffs is also proposed.  
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I.  INTRODUCTION 

With extreme technology scaling, FinFET (or Tri-gate) 
devices deliver the superior levels of scalability and higher 
performance and relatively ease of fabrication [1]. FinFET is a 
promising candidate to be integrated with either bulk 
technology or silicon-on-insulator (SOI) substrates [2]. It has 
been lots of study that compare the two [2-3], but it has been 
demonstrated that SOI FinFETs can offer better electrical 
characteristic [3], less self-heating problems [3] and less 
leakage [2]. So FinFET has been mainly fabricated on silicon-
on-insulator (SOI) substrates [4]-[5]. The floating body regions 
of SOI devices are unique because of the box layer separating 
the transistor devices from the substrate or bulk wafer material. 
When the box is thick, the back plane potential has very little 
effect on the channel, and this will make the device threshold 
insensitive to back plane biasing voltage. Also, since the gate 
has full control over the channel in FinFET devices, and the 
body potential will have less effect [6]. All of these made 
FinFET less affected by body effect, in some FinFET modeling 
work [7], body effect is totally eliminated.   

In some logic cells, NAND for example, several transistors 
are connected in series and stacked. In planar CMOS circuit, 
stack height is limited by the body effect. Shown in Fig. 1 is a 
4-input NAND cell which includes a 4-stack pull down 
network. Due to the body effect, voltage between source (Vx) 
and body (gnd) of the top stacked transistor will increase the 
threshold voltage and will lead to performance degradation, if 
the stack height keeps increasing, the pull down current will be 
very small and the circuit can’t even function correctly. For 
FinFET logic and circuit, due to the insensitivity to the body 
effect as discussed above, the stack effect will be gone and this 
will lead to higher stack logic cells with potential of reducing 

logic depth, and further reducing delay. This will enable 
several research questions – one is that how to determine the 
stack height and what is the optimal height in terms of all the 
metrics; second is that how to design circuit so that it can fully 
take advantage of this unique property of FinFET. To answer 
these questions, this paper start from several basic logic gates 
and simulate based on PTM models. A 64 bit adder designed 
with different stack height shows the design tradeoffs.  
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Fig.1. 4-NAND gate with 4 Stacked NMOS 

There are a few work looking into similar questions, [8] 
analyzed the stack sizing of FinFET logic cells in the sub/near-
threshold region based on their FinFET models. Their results 
show that in sub/near-threshold region, the stack depth of 2 is 
actually highly preferred for FinFET circuit designs. [9] 
proposed a noise immune leakage tolerant FinFET based wide 
fan-in dynamic OR gate, but it more focused on noise immune 
aspects. This work differs from the previous work in the 
following, 

 The simulation and analysis consider the physical 
aspects of the circuit, wire capacitance for example; 

 All simulations are run in super-threshold mode that 
enables high performance; 

 Detailed design tradeoffs are analyzed across 
technology nodes, and a design flow that balances 
these tradeoffs is proposed.  

The rest of the paper is organized in the following. In 
Section II, we discuss the FinFET simulation flow. Section III 
will provide the analysis of some logic cells. In Section IV, we 
provide a design case to further examine the design tradeoffs. 
Section V will discuss the results, and a design flow will be 
also proposed in this section. Section VI will conclude the 
paper. 



II. SIMULATION FLOW 

This section will provide details of how we design and 
simulate FinFET in cadence environment. 

A. FinFET FreePDK15 

FinFET FreePDK15 is an open source 16/20nm FinFET 
process design kit developed by NCSU [10]. Nangate 
developed the corresponding open cell library [11]. This will 
give us a physical aspect of how FinFET logic cell look like. 
Fig. 2 shows an example of inverter and flip-flop. Based on the 
layout, one observation is that the P/N ratio is 1:1, thus the 
FinFET logic cells are more symmetric than the planar CMOS. 

 

Fig.2. Example layout of FinFET cells 

B. FinFET Models 

The predictive FinFET model, PTM-MG [8] that is based 

on the BSIM-MG model [13] has been used as the simulation 

model in this paper. The model includes 5 technology nodes 

and can be used in cadence spectre environment. The 

simulation flow employed in this paper is shown in Fig. 3. The 

first step is to create the device symbol that could be used in 

cadence schematic capture, the symbol in this work is a 

modified version of FreePDK45. The model still has four 

terminal with one node as floating. In the actual design, this 

node can be left open or connected to other terminals. After 

the symbol is created, some parameter corresponding to 

FinFET specifically need to be modified. For example, in 

FinFET, the way to size the transistors is to increase or 

decrease the number of fingers. So a parameter m is utilized in 

this paper to adjust the sizing. The last step is to design the 

circuit and run the simulation by including the PTM model in 

a similar way to other design kits. 

 
Fig.3. Setup Flow for PTM-MG model  

III. STACK HEIGHT ANALYSIS 

After simulation flow is set up, this section will focus on 
the stack height analysis in several logic gates and cells. 

A. Body Effect 

To check if the body effect actually affects the circuit, 4-

input NAND, 16-input NAND and regular inverter are 

simulated as shown in Fig. 4. Fig. 5 shows that the average 

pull-down current for three cases are almost the same. This 

indicates that the FinFET logic is really insensitive to stack 

effect and body effect.  
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Fig.4. Simulation setup for body effect 

 
Fig.5. Average pull-down current for different stack height 

B. P/N Ratio 

In last section, the P/N ratio of 1:1 is observed in layout 
cells. To further investigate if this holds in actual digital design 
that prefers the balance between PMOS and NMOS, an inverter 
with P/N of 1:1 is simulated in 16nm HP node. Fig. 6 shows 
the voltage transfer curve (VTC) under different supply 
voltages, it shows that the curve is very balanced in all cases. 
In terms of pull up and pull down delay, the results show that 
tplh=49.9ps and tphl=45.16ps, which suggest that the ratio of 
1:1 is optimal for FinFET design. In this paper, all the cells are 
sized such that both the pull-up network and the pull-down 
network have the same driving strength as the 1:1 inverter. 

 

Fig.6. VTC curves under different supply voltages 

C. 16-input AND Gate 

 To investigate how the stack height will affect the 
performance, a 16-input AND Gate implemented in 3 different 
stack height is designed and simulated in 16nm HP node. Fig. 7 
shows the schematics of the design, all designs drive a load 
capacitor of 5fF. The transistors are upsized corresponding to 
the stack height. For example, for stack height of 16, all NMOS 



transistors are sized 16 times larger than the unit sized 
transistors. Simulation results are shown in Fig. 8. It shows that 
stack height of 16 provides the worst delay, and stack height of 
4 and 2 give similar delay. This indicates that higher stack 
height based design actually worsens the metrics, but one part 
that is missing in this simulation is the actual wire capacitance 
at internal node between each stage. To further investigate this, 
a wire capacitance of 50fF is added to each internal node. 
Simulation results in Fig.9 show that for stack height of 16, it 
achieves the best performance. The simulation above indicates 
that wire capacitance play an important role in determining the 
stack height to achieve the optimal performance. So accurate 
estimation of wire capacitance is necessary. 
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Fig.7. 16-input AND gate implemented with different stack height 

 

Fig.8. Simulation results without considering wire capacitance 

 

Fig.9. Simulation results with wire capacitance of 50fF 

D. Estimation of Wire Capacitance 

Wire capacitance usually includes two parts, one is intrinsic 
capacitance of the bottom and top metal plates, and another is 
the coupling capacitance from neighboring metal wires [12]. 
The total capacitance is the sum of the two. Normally, the 
coupling capacitance is much larger than the intrinsic 
capacitance. Based on the layout cells from the Free PDK15 
[10], we estimated the wire capacitance in a wire capacitance 

calculator [13] developed by ASU. Fig. 10 shows the wire 
capacitance of a 5um-long metal1 wire. It shows that the 
realistic wire capacitance of the general logic cells could be in 
the order of several fF.  

 

 provided by the drop down menu to differentiate the head 
from the text. 

Text heads organize the topics on a relational, hierarchical 
basis. For example, the paper title is the primary text head 
because all subsequent material relates and elaborates on this  

Fig.10. Wire capacitance estimation 

 

To show how wire capacitance will affect the performance 
of the 16-input AND cell with difference stack height, we 
sweep the wire capacitance from 0 to 50fF. Simulation results 
are shown in Fig. 11 and Fig. 12. Based on the wire 
capacitance estimation done above, it shows that stack height 
of 4 is preferred. If wire capacitance increases and exceeds 
16fF, the stack height of 16 will achieve the best performance. 

 

Fig. 11. Wire capacitance vs. Delay (from 5fF to 50fF) 

 

Fig. 12. Wire capacitance vs. Delay (from 0fF to 5fF) 

 The analysis in this section suggests that accurate 
estimation of the interconnect capacitance is necessary when 
choosing the optimal stack height.  

IV. CASE STUDY: A 64-BIT KOGGE STONE ADDER 

 Kogge-Stone adder [14] is a parallel prefix form of carry 
look-ahead adder that has a O(log n) time complexity. 64-bit 
adders have been widely used in modern processors and 
embedded systems [15]. A central idea of generating a faster 
Kogge-Stone adder is to use multi-fan-in (also called high-
radix) within a Kogge-Stone prefix graph [16].  All of these 
made a 64-bit Kogge-Stone adder an ideal test vehicle for our 
stack height analysis that balances the parallelism and 
performance. 



A. Implementations 

 Fig. 13 shows the two implementations of a 64-bit Kogge-
Stone adder. (a) is radix-2 based and (b) is radix-8 based. It is 
clear that the radix-8 has fewer logic depth (6 compared to 2).  
The difference is that the internal operation (dot operation) 
blocks have different fan-in. For radix-8 implementation, each 
8-input cell circled in Fig.13. (b) can be implemented in two 
ways. Shown in Fig. 14 are the two versions, the first 
implementation is to use one-stage fan-in of 8 gates, and 
another is to use 2-stage fan-in of 4 gates. The tradeoffs are 
between gate capacitance and stack height. 

 

(a) 

 

(b) 

Fig.13. Schematic of 64-bit Kogge-Stone Adder with (a) Radix-2 (b) Radix-8 
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Fig.14. Two implementations of 8-input cell 

 Fig. 15 shows the simulation results in 16nm node, it shows 
that the 2 stage one has the best performance. While radix-8 
with 1 stage has the worst delay. This is due to that the gate 
capacitance driven by the previous stage of the 1-stage 
implementation is the worst. So in this design, radix-8 with 2 
stages is preferred. This is actually equal to radix-4 
implementation. Simulations across 5 different technology 
nodes are shown in Fig. 16, and the performance improvement 
for the optimal implementation is shown n Fig. 17. It shows 
that at 16nm, the improvement can be ~6%. 

B. Area Estimation 

 So far, we have demonstrated that the radix-8 
implementation with 2 stages have the best performance. But 
since the size of each transistor in the stacked is increased 
correspondingly to ensure the balanced driving strength, the 
area of the higher stack height based design will be large. As an 
estimation based on the layout from the NanGate cell library 
[11], the 4-input NAND is 1.5 times larger than 2-input one, 

and each of the 8-input cell is about 5 times larger than the 2-
input cell. As a result, the radix-8 implementation with 2 stages 
is 1.5 times larger than the radix-2 version. We believe that the 
area overhead can be eliminated by optimal physical design 
and floor plan. 

 

Fig.15. Simulation results with different implementations 

 

 

Fig.16. Simulation results across five technology nodes 

 

Fig.17. Performance Improvements across five technology nodes 

V. DISCUSSIONS 

A. Tradeoffs 

Until now, we have analyzed how the stack height will 

affect the metrics of the FinFET circuit. It is clear that larger 

stack height will give optimal performance in some design 

cases, but not in all. So the tradeoffs need to be considered 

when stack height will be used as a design knob in FinFET 

circuit design. 

First, as shown in Fig. 7, if the stack height is increased, 

each transistor that in stack needs to be upsized to balance the 

drive strength. The total size of the stack in terms of unit 

finger size is about logH times larger than the smaller stack 

one, where H is the ratio of the two stack height. As an 

example, Fig. 18 shows the number of unit finger transistor for 
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6 

2 



3 different versions of 16-input AND gate. It shows that the 

16-stack height version uses the largest number of unit 

transistors. In terms of area, since FinFET based design is 

more compact and symmetric, some optimization techniques 

can be employed to reduce the actual area overhead for higher 

stack height. 

 
Fig.18. # of unit-finger transistors for three implementations 

Second, as we increase the stack height and upsize the 

transistors, the gate capacitance increases. This will be 

translated to the performance penalty for the previous stage, 

there is an optimal point where the effect is minimal as shown 

in Section IV. 

Last but not least, one big advantage of increasing the 

stack height is the reduction of leakage path. Shown in the Fig. 

19 is an example of 16-NAND with stack height of 16 and 2. 

If we assume that the leakage with stack height of 16 design is 

16I, where I is the leakage of the unit finger transistor, and the 

leakage of stack height of 2 design is (16+8+4+2)I, which is 

much larger. So higher stack has a potential of reducing static 

power consumption that is undesired especially in low power 

applications.  
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Fig.19. Leakage path reduction with higher stack height design 

B. Design flow for an optimal stack height 

As we have analyzed the tradeoffs when stack height is 

introduced as a design knob in FinFET circuit design, a design 

flow is proposed in this section. 

Fig. 20 shows the proposed flow. In the first step, the 

stages to be stacked need to be picked. Theses stages could be 

either logic cells or certain gates within some cells. The next 

step is to estimate the interconnect capacitance between each 

stage for comparisons. It has been shown in Section III that 

wire capacitance has a big impact on determining the optimal 

stack height, so this step is crucial to the optimal design. By 

estimating the wire capacitance, some fair assumptions need to 

be made, metal layer and length for example. The capacitance 

values can be extracted from physical design or estimated 

based on accurate models, as did in this paper. Design metrics 

and targets need to be picked depending on the applications. 

For example, in ultra-low power design, minimizing leakage 

power is an important goal. Once the optimal stack height is 

picked, it is necessary to check if other design requirements 

are met. If it is met, the physical design could be done in the 

following step. During the physical design step, some layout 

optimization techniques could be employed. If some metric 

requirements are not met, the new balance need to pick, either 

through re-defining the stages or re-sizing certain cells. This 

flow could be applied in different phases of either top down 

design flow and custom flow. 
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Fig.20. Design flow with stack height as a design knob 

VI. CONCLUSION AND FUTURE WORK 

As FinFET technology is becomes promising, the 

uniqueness of the FinFET devices could be used as new 

design knobs for circuit designers. This paper introduces stack 

height as a new design knob in FinFET logic and circuit due to 

the insensitivity to body effect. Several logic gates and a 64-

bit adder are simulated with PTM models. The results show 

the tradeoffs between the stack height and other metrics. It is 

clear that in some cases, higher stack height could improve the 

metrics a lot. A possible design flow is proposed to include the 

stack height into the whole design process. As future work, we 

will investigate more details into the physical aspects of the 

cells and include the accurate wire capacitance to the 

simulations. Also, stack height and sizing co-design 

techniques could be employed together to balance the 

tradeoffs between stack height, area and delay. More complex 

design will be explored in the future. 
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